Males and females often display extensive phenotypic differences, and many of these sexual dimorphisms are thought to result from differences between males and females in expression of genes present in both sexes. Sex-biased genes have been shown to exhibit accelerated rates of evolution in a wide array of species, however the cause of this remains enigmatic. In this study, we investigate the extent and evolutionary dynamics of sex-biased gene expression in zebrafish. Our results indicate that both male-biased genes and female-biased genes exhibit accelerated evolution at the protein level. In order to differentiate between adaptive and nonadaptive causes, we tested for codon usage bias and signatures of different selective regimes in our sequence data. Our results show that both male-and female-biased genes show signatures consistent with adaptive evolution. In order to test the generality of our findings across fish, we also analyzed publicly available data on sticklebacks, and found results consistent with our findings in zebrafish.
Introduction
Phenotypic differences between males and females (sexual dimorphism) are a major source of intra-specific variation (Darwin 1871) , particularly in animals, where sex differences can include behavioral (Breedlove 1992) , physiological (Bardin and Catterall 1981) , and morphological (Darwin 1871 ) dimorphisms. It is often assumed that the majority of sexually dimorphic traits arise from differences in expression for genes present in both sexes (Connallon and Knowles 2005; Rinn and Snyder 2005) . In line with this, studies in a wide array of organisms have attempted to determine the differences in gene expression between males and females (Parsch and Ellegren 2013) , including Drosophila (Assis et al. 2012; Perry et al. 2014) , birds (Pointer et al. 2013) , nematodes (Albritton et al. 2014) , and brown alga (Lipinska et al. 2015) . These works have revealed that a significant fraction of genes in the genome exhibit differential expression between males and females (Rinn and Snyder 2005; Mank, Hultin-Rosenberg, Webster, et al. 2008; Reinius et al. 2008; Jiang and Machado 2009) , which suggests that the expression of sexual dimorphism is related to marked genetic reprogramming (Lipinska et al. 2015) .
Sex-biased genes often show elevated rates of evolution, although there is substantial variation among organisms in whether male-biased genes, female-biased genes, or both expression classes show elevated rates of evolution. In Drosophila and mammals, male-biased genes show elevated rates of evolution (Khaitovich et al. 2005; Assis et al. 2012) , however fungi show elevated rates of evolution for femalebiased genes (Whittle and Johannesson 2013) . Both maleand female-biased genes in brown alga show elevated rates of evolution (Lipinska et al. 2015) . Finally, in birds, genes that are female-biased in late development show higher rates of evolution than male-biased adult-expressed genes, although both categories show higher rates of evolution than unbiased genes (Mank et al. 2010) .
There are many potential causes of rapid rates of sequence evolution for sex-biased genes, including natural selection, sexual selection, and relaxed purifying selection (reduced functional pleiotropy) (Ellegren and Parsch 2007; Mank and Ellegren 2009; Parsch and Ellegren 2013) , and there is considerable debate regarding whether elevated rates of evolution observed for sex-biased genes are due to adaptive (Proschel et al. 2006) or nonadaptive processes (Gershoni and Pietrokovski 2014; Harrison et al. 2015) . Although work in Drosophila has shown that male-biased genes more often exhibit a signature of adaptive evolution (Proschel et al. 2006) , evidence from birds (Harrison et al. 2015) and humans (Gershoni and Pietrokovski 2014) indicate relaxed constraint might be driving rapid rates of evolution. Additionally, there have been recent concerns about how expression-bias might alter mutation-selection dynamics (Dapper and Wade 2016) , leading to the fixation of mildly deleterious alleles in strongly male-biased genes (Gershoni and Pietrokovski 2014) . Data from more species are needed to resolve this debate.
Although there have been several studies of sex-biased genes expression in zebrafish and other fish species (Small et al. 2009; Wong et al. 2014; Liu et al. 2015) , few of them detailed the evolutionary dynamics of sex-biased genes. Hence, a comprehensive analysis of the expression and evolution of sex-biased genes in fishes is needed. Here, we study sex-biased genes in zebrafish in order to determine rates of evolution for sex-biased genes, as well as determine the relative importance of adaptive versus nonadaptive processes. The zebrafish, Danio rerio, is an important model organism in biomedicine, neurophysiology, and developmental genetics (Kinkel and Prince 2009) . Although the species does not exhibit much sexual dimorphism in morphology, previous studies on its mating patterns have shown that high variance exists in male and female mating success (Spence et al. 2008) . Additionally, domestic zebrafish, relative to its wild ancestor, have been shown to have recently lost sex chromosomes (Wilson et al. 2014) , and previous studies have shown that many factors, including environment, hormones, and genetic factors, can influence sex differentiation in the lab (Liew and Orban 2014) . This provides a unique opportunity to measure the degree of sex-bias in a species without distinct sex chromosomes.
We observe a greater number of male-biased than femalebiased genes, as well as higher expression levels for malebiased genes. Interestingly, our results also indicate that both male-biased and female-biased genes exhibit accelerated evolution, and a greater proportion of sites that experienced positive selection, suggesting that their faster evolution appears to be partly driven by adaptive evolution. We used publicly available data from stickleback to test the generality of these findings across fish, and find consistent signatures of adaptive evolution in both female-and male-biased genes in this species. Taken together, our results add important insight into the role of adaptive versus nonadaptive processes underlying rates of evolution for sex-biased genes.
Materials and Methods

Identification of Sex-Biased Genes from RNA-Seq Datasets
To identify sex-biased genes in zebrafish (Danio rerio), pairedend RNA-seq datasets from zebrafish adult testis, adult ovary, male head, female head, whole male body without head or testis, whole female body without head or ovary were collected from NCBI's SRA database (Collins et al. 2012 ) and one testis sample was generated by our lab at Novogene (Beijing, China) (Zhong et al. 2016) . Detailed information about these RNA-seq data can be found in supplementary table S1, Supplementary Material online. Data quality was assessed using FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) and reads were filtered using Trim galore (version 0.3.7) (http://www.bioinformatics.babraham.ac.uk/projects/ trim_galore/) to remove any potential residual Illumina adaptor sequence and trim bases with a Phred quality score <20. Only paired-end reads for which either read was longer than 25 bp after trimming were retained for subsequent analysis.
Filtered paired-end reads from each sample were aligned to transcript sequences of zebrafish downloaded from Ensembl (release 78) (Flicek et al. 2014 ) using Bowtie (version 1.1.1) (Langmead et al. 2009 ), and transcript abundances were estimated using RSEM program (v1.2.20) (Li and Dewey 2011) . Gene expression level (FPKM) were determined by RSEM and only genes with FPKM > 1 in at least half of the individuals for each tissue were considered as transcriptionally active genes and were used for the subsequent analysis. We extracted raw read counts for each gene from RSEM, normalized them to control for differences in sequencing depth across each tissue separately using TMM method and identified differentially expressed genes with the edgeR package (Robinson et al. 2010 ) using a minimal fold-change of 2 and an adjusted P value cutoff of 0.001. Full lists of sex-biased genes can be found in supplementary table S3, Supplementary Material online.
Measurement of Nonsynonymous and Synonymous Substitution Rates
To estimate the evolutionary rates of sex-biased gene sequences, we downloaded protein-coding sequences from the zebrafish in Ensembl (release 78), and grass carp (Ctenopharyngodonidellus) genome (Wang et al. 2015) , and retained the longest transcript for each gene for this analysis. Grass carp was chosen to compare with zebrafish because it is the closest species, whose genome has been sequenced, to zebrafish (Wang et al. 2015) . One-to-one orthologs between zebrafish and grass carp were determined using Inparanoid 4.1 (Ostlund et al. 2010 ) with default parameters. A total of 16,612 pairwise 1:1 orthologs were identified and aligned using PRANK (v.140603) (Loytynoja and Goldman 2005) at the codon level with the option "-codon". SWAMP (Version 31-03-14) was used to filter regions with poor alignment with a cutoff of 4 in a window size of 5, and a minimum length of 75 bp . We also removed all positions having gaps and "N" from the alignments and excluded the alignment shorter than 100 bp from analysis. Using this method, 16,577 1:1 orthologs were identified. We then calculated the number of nonsynonymous substitutions per nonsynonymous site (dN), the number of synonymous substitutions per synonymous site (dS), and their ratio (dN/ dS) for each ortholog pairwise using codeml program in PAML 4.7 package (runmode = À2 and model = 1) (Yang 2007) . Genes with saturated synonymous substitution values (dS > 2) or N*dN or S*dS < 1 were excluded from further analysis.
The above approaches using two species measure the functional divergence that has occurred between zebrafish and grass carp, which shared a last common ancestor roughly 50 Ma (Wang et al. 2015) . Considering that our gene expression datasets were taken from zebrafish, we thus were also interested in the patterns of substitution that has occurred on the zebrafish lineage alone. To this end, we expanded the pairwise dN/dS analysis to include another closely related species: cave fish (Astyanax mexicanus). We obtained one-to-one orthologs between zebrafish and cave fish using Biomart and combined them with grass carp to yield 11,958 1:1:1 orthologs among these three species. Orthologs alignment and trimming were performed in the same way as the pairwise analysis. Lineage specific evolutionary rates (dN, dS, and dN/ dS) were determined using codeml (PAML 4.7 package) with the free-ratio model (runmode = 0 and model = 1) and orthologs with dS > 2 or N*dN or S*dS < 1 in zebrafish lineage were excluded from analysis.
The effective number of codons (ENCs) for all sex-biased and unbiased genes in this study was calculated using CodonW (version 1.4.2) (http://codonw.sourceforge.net/). Lower ENCs value indicates stronger synonymous codon usage bias (Hambuch and Parsch 2005) .
Expression Breadth RNA-seq data from different zebrafish tissues (including liver, muscle, eye, spleen, intestine and pancreas) (Kelkar et al. 2014 ) and the tissues used to identified sex-biased genes were combined to estimate breadth of gene expression. Transcript abundances (FPKM) were calculated by RSEM. The specificity index () (Yanai et al. 2005 ) was used as a measure of breadth of gene expression for each gene, using the following formula:
where N is the number of tissues, x i is the expression value in the given tissue i normalized by the highest expression value of the gene in all analyzed tissues (N). index values range from 0 to 1, with higher values corresponding to stronger tissue specificity (low expression breadth).
Positive Selection Analysis
We obtained the one-to-one orthologs among zebrafish, cod, fugu, and stickleback from Ensembl using Biomart. Then we integrated these orthologs with the above 11,958 1:1:1 orthologs among zebrafish, grass carp and cave fish to test for the signatures of positive selection. To detect the evidence of positive selection acting on a subset of sites of orthologs, we employed the paired nested site models (M1a, M2a; M7, M8) (Yang 2000 (Yang , 2007 in the codeml program (PAML 4.7 package). These models allow the dN/dS ratio to vary among sites but not across lineages. The likelihood ratio test (LRT) was used to compare twice the log likelihood value differences with a chi2 distribution with df = 2 between the two nested models (M1a vs. M2a; M7 vs. M8) for each ortholog and genes with P value <0.05 adjusted by multiple testing from one of the two LRT tests were identified as positively selected genes.
Considering that the site model in codeml only allow o ratio to vary among sites but not across lineages, we further used the branch-site models (model = 2, NS sites = 2) in codeml program to detect genes under positive selection only in zebrafish lineage. By setting the zebrafish as the foreground branch, we compared a selection model that allowed a class of codons on the zebrafish branch to have o > 1 (Model A2, fix_omega = 0, omega = 1.5) with a neutral model that constrained this additional class of sites to have o = 1 (Model A1, fix_omega = 1, omega = 1). The LRT test was used to obtain a P value from the statistics (twice the log likelihood value differences) and genes with FDRadjusted P value <0.05 from LRT tests were identified as positively selected genes.
Deviations from neutrality for sex-biased genes were further assessed using polymorphism data, which were downloaded from Ensembl. The number of nonsynonymous substitutions (Dn) and synonymous substitutions (Ds) in zebrafish were extracted for each ortholog from outputs of codeml. Polymorphism data (SNPs) in zebrafish was downloaded using BIOMART and the number of nonsynonymous polymorphism (Pn) and synonymous polymorphism (Ps) were determined by SnpEff (Cingolani et al. 2012) . These data were employed by DoFE to calculate the direction of selection statistic, DoS = Dn/(Dn + Ds)ÀPn/(Pn + Ps), which is a measure of the difference in the proportions of nonsynonymous fixed differences and polymorphisms according to previous study (Stoletzki and Eyre-Walker 2011; Perry et al. 2014) .
Results
Sex-Biased Gene Expression Patterns in Zebrafish Different Tissues
We collected and compared data from 12 RNA-seq experiments, including two biological replicates for the following different tissues: adult testis, adult ovary, male head, female head, whole male body without head or testis, whole female body without head or ovary (supplementary table S1, Supplementary Material online). Gene expression abundances, which were measured as FPKM, were strongly and positively correlated between biological replicates of each tissue, with r ranging from 0.86 to 0.99 (P < 2.2 Â 10
À16
). We recovered a total of 19,908, 21,002, and 19,120 genes that were expressed in gonad, head, and whole body, respectively. Figure 1A exhibited the overall correlation matrix among the expression profiles for all experiments analyzed, indicating that the male and female tissue pairs of profiles were also highly correlated, despite some were coming from independent experiments. Therefore, these pairs of male and female expression profiles can be appropriately used as biological replicates to identify differentially expressed genes between sexes.
Based on these RNA-seq experiments, we found that almost 30% (7,785 out of 26,459) of protein-coding genes in zebrafish showed sex-biased expression in one of the tissues analyzed (supplementary tables S2 and S3, Supplementary Material online), which is generally consistent with previous reports in zebrafish (Small et al. 2009 ) and other species, such as Drosophila (Jiang and Machado 2009) and birds (Pointer et al. 2013) . Just as expected, the number of genes exhibiting differential expression between males and females was significantly higher in adult gonad than in other somatic tissues ( fig.  1B-D) , suggesting that the majority of cases of sex-biased gene expression resulted from the gonad (Parisi et al. 2004) . Male-biased genes were found to be more numerous than female-biased genes in adult gonad ( fig. 1B) , although more female-biased genes were found in somatic tissues ( fig. 1C  and D) . Furthermore, male-biased genes were, on an average, expressed at significantly higher levels than female-biased genes in gonad (Wilcoxon rank sum test, P < 2.2 Â 10 À16 ) ( fig. 1E ). On the other hand, the magnitude of differential expression between the sexes was also significantly greater for male-biased genes than female-biased genes in gonad (Wilcoxon rank sum test, P < 2.2 Â 10 À16 ) ( fig. 1F ). Taken together, these results suggested that gene expression in zebrafish is also "masculinized", consistent with other taxa (Zhang et al. 2007; Small et al. 2009; Pointer et al. 2013) . We also noted that the majority of sex-biased genes exhibited significant sex-biased expression in only one of the tissues analyzed ( fig. 1G and H) , indicating that sex-biased genes were generally expressed in a sex-biased manner in one tissue.
To examine the relationship between gene expression level (FPKM) and magnitude of sex-biased expression, we grouped the sex-biased genes according to the fold-change difference between male and female and plotted the mean expression level in male and female samples for each group (supplementary fig. S1 , Supplementary Material online). This analysis suggested that high degree of sex bias arises in different ways for male-and female-biased genes. When genes showed a higher degree of male-biased expression, this was predominantly the product of decreased expression of these genes in females (supplementary fig. S1A , C, and E, Supplementary Material online). These patterns were broadly similar in both gonad and somatic tissue. The results obtained for female-biased genes were relatively complex. In head, the situation was same as that observed for the male-biased genes in that a higher degree of female-biased expression appeared to be correlated with down regulation in males (supplementary fig. S1D , Supplementary Material online). However, in both gonad (supplementary fig. S1B , Supplementary Material online) and whole body (supplementary fig. S1F , Supplementary Material online), when genes showed a higher degree of female-biased expression, this was probably the product of both decreased expression in males and increased expression in females.
Accelerated Protein Evolution in Both Male-and FemaleBiased Genes
Consistent with previous studies in other species (Yang et al. 2006; Mank, Hultin-Rosenberg, Webster, et al. 2008; Small et al. 2009; Pointer et al. 2013) , our above analysis of sexbiased expression indicated that the gonad is the most dimorphic tissue transcriptionally in zebrafish and thus we performed evolutionary analysis primarily on this tissue. To test for differences in the rate of evolutionary divergence between sex-biased and unbiased genes, we first compared levels of nonsynonymous (dN), synonymous (dS) substitution, and the ratio of nonsynonymous to synonymous substitutions (dN/dS) for sex-biased and unbiased genes using pairwise comparisons with orthologs between zebrafish and grass carp (table 1). The results of this analysis were generally consistent with previous reports in other taxa. That is, malebiased genes evolved significantly faster (i.e., had higher dN/ dS ratios) than unbiased genes (Wilcoxon rank sum test, P < 2.2 Â 10 À16 ). Interestingly, our results also show that female-biased genes evolve more rapidly than unbiased genes (Wilcoxon rank sum test, P < 6.3 Â 10 À4 ) ( fig. 2C ). In addition, the dN values for both male-and female-biased genes were significantly higher than unbiased genes (Wilcoxon rank sum test, P < 2.2 Â 10 À16 and P = 0.018, respectively) ( fig. 2A ), but no differences were observed for dS values (Wilcoxon rank sum test, P = 0.3 and P = 0.22, respectively) ( fig. 2B ). These findings demonstrated that the higher dN/dS ratios for both male-and female-biased genes compared with unbiased genes were the product of significantly elevated rates of nonsynonymous substitution, rather than a reduction for the synonymous substitution rate, which were consistent with enhanced rates of protein evolution in both male-and female-biased genes. Furthermore, the frequency distribution of dN/dS ratios also indicated that both maleand female-biased genes tended to be enriched in genes with higher dN/dS ratios and to contain fewer genes under strong selective constraint (dN/dS< 0.1) compared with unbiased genes ( fig. 2G ). For all the above analysis, we estimated the functional divergence that has occurred between zebrafish and grass carp, which shared a common ancestor roughly 50 Ma (Wang et al. 2015) . As our expression data were collected from zebrafish, it is meaningful to detect the patterns of functional divergence in the zebrafish lineage alone. To this end, we compiled 11,958 1:1:1 three-species alignments (zebrafish, grass carp, and cave fish) to examine the divergence pattern leading to the zebrafish lineage since its split from the common ancestor with grass carp (table 1). The results of this analysis indicated that the divergence data for the zebrafish lineage based on the three-species data were broadly consistent with the twospecies data, with significantly higher dN/dS ratios for both male-and female-biased genes compared with unbiased genes (Wilcoxon rank sum test, P < 2.3 Â 10 À10 and P = 0.0015, respectively) ( fig. 2F) . Meanwhile, the dN values were also significantly higher for both male-and femalebiased genes than unbiased genes (Wilcoxon rank sum test, P < 1.7 Â 10 À12 and P = 0.027, respectively) ( fig. 2D ), but no differences were observed for dS values (Wilcoxon rank sum test, P = 0.8683 and P = 0.234, respectively) ( fig. 2E) . Analysis of the relative frequency distribution of dN/dS ratios further showed that both male-and female-biased genes tended to be enriched in genes with higher dN/dS ratios and to contain fewer genes under strong selective constraint (dN/dS< 0.1) compared with unbiased genes (fig. 2H ). Taken together, our analyses, based on both zebrafish-grass carp pairwise comparison and the zebrafish lineage-specific divergence data, provides convergent evidence that both male-and female-biased genes exhibit accelerated evolution rates in zebrafish.
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In order to provide an independent validation on our above findings and to test whether they are specific to specific lineage or the same case in other fish groups, we further analyzed the evolutionary dynamics of sex-biased genes in another independent lineage and with independent datasets. We obtained the sex-biased genes (564 male-biased and 704 female-biased genes) identified in threespine stickleback liver tissue (Leder et al. 2010 ) and the dN, dS, and dN/dS values calculated between threespine and ninespine sticklebacks (3091 orthologs) (Guo et al. 2013 ) from previous studies directly. Interestingly, we also found that the dN/dS ratios for both male-and female-biased genes were statistically significantly higher than unbiased genes in stickleback lineage (Wilcoxon rank sum test, P = 0.0143 and P = 0.0005, respectively) (146 male-biased and 283 female-biased genes were used for this analysis). In addition, the dN values were significantly higher in both male-and female-biased genes compared with unbiased genes (Wilcoxon rank sum test, P = 0.0095 and P = 0.013, respectively), but no differences were found for dS values. Furthermore, the relative frequency distribution of dN/dS ratios also indicated that both male-and female-biased genes tend to be enriched in genes with higher dN/dS ratios and to contain fewer genes under strong selective constraint relative to unbiased genes in stickleback (supplementary fig. S2 , Supplementary Material online). Considering that 23% of the sex-biased genes identified in stickleback were concentrated on the nascent sex chromosomes and that genes located on the sex chromosomes evolve more rapidly, we further compared the evolutionary rates for autosomal genes only. This analysis also showed that both male-and female-biased genes evolved faster in stickleback (supplementary fig. S3 , Supplementary Material online). Taken together, our results indicate that the faster evolution for both male-and female-biased genes is maintained in fish lineages across different evolutionary timescales, and is independent of molecular techniques (RNA-seq vs. Microarray).
Adaptive versus Nonadaptive Signatures
In order to differentiate adaptive from nonadaptive causes of the accelerated rate of evolution for sex-biased genes, we first assessed codon bias, which has been shown to be reduced in male-biased genes of Drosophila (Hambuch and Parsch 2005) , possibly because adaptive protein evolution has influenced selection on codon usage. In order to examine levels of codon bias in genes with sex-biased expression in zebrafish, we investigated synonymous codon usage in genes with complete coding sequences and sex-biased expression. As shown in figure 3A , there were significant differences in levels of codon bias between sex-biased and unbiased genes in zebrafish. Consistent with the result in Drosophila, male-biased genes in zebrafish exhibited significantly less codon bias than unbiased genes, defined as higher values for the ENCs (Wilcoxon rank sum test, P <4.5 Â 10
À11
). However, our results further demonstrated that female-biased genes in zebrafish also exhibited significantly less codon bias compared with unbiased genes (Wilcoxon rank sum test, P < 2.2 Â 10 À16 ). We also investigated the ENCs in sex-biased genes identified in threespine stickleback ( fig. 3B) . Consistent with the phenomenon in zebrafish, this analysis also showed that both male-and female-biased genes in threespine stickleback , and dN/dS (C) values were estimated by comparing putative orthologs between zebrafish and grass carp. Zebrafish lineage-specific dN (D), dS (E), and dN/dS (F) values were calculated using threespecies alignments among zebrafish, grass carp, and cave fish. The relative frequency distribution of dN/dS ratios for each category of genes were calculated from zebrafish-grass carp comparison (G) and zebrafish lineage alone (H). Outliers were removed from the boxplot. Significant differences are indicated by the asterisks, based on Wilcoxon rank sum test, *P < 0.05, **P < 0.001. have higher ENCs values compared with unbiased genes, although the statistics test is not significant for male-biased genes (Wilcoxon rank sum test, P = 0.2639 and P = 0.0002 for male-and female-biased genes, respectively), which suggests that sex-biased genes in threespine stickleback also exhibit less codon bias than unbiased genes. Taken together, these data indicate that both male-and female-biased genes show less codon bias than unbiased genes in fish genomes, potentially indicating reduced efficacy of selection on optimal codon usage for these loci.
We also tested for tissue-specificity of expression, which has shown to be correlated with evolutionary rate (Zhang et al. 2004) . Previous work has shown that sex-biased genes tend to be more tissue specific in their expression, possibly indicating relaxed constraint of their function (Mank, HultinRosenberg, Zwahlen et al. 2008; Meisel 2011) . We therefore compared tissue specificity () for male-biased, female-biased and unbiased genes ( fig. 4A ). Our results showed that both male-biased and female-biased genes had significantly higher values compared with unbiased genes (Wilcoxon rank sum test, P < 2.2 Â 10 À16 and P < 2.2 Â 10 À16 for male-and female-biased genes, respectively), implying that sex-biased genes tend to be more tissue specific in expression. Additionally, the specificity index of male-biased genes was significantly higher than that of female-biased genes (Wilcoxon rank sum test, P < 2.2 Â 10
À16
). This suggests that faster rates of evolution for sex-biased genes may be partly driven by relaxed functional constraints. However, it is worth noting that the increase in the specificity index values of genes was not significantly correlated with the values of dN/dS (Pearson r = 0.1, fig. 4B ) or ENCs (r = 0.007, fig. 4C ), suggesting that the breadth of expression of genes was not a sole determinant of their speed of evolution.
We tested our sequence data for signatures of positive versus nonadaptive evolution, as both can lead to elevated dN/dS (Zhang et al. 2007 ). In order to assess the contribution of positive selection, we used both sequence divergence and polymorphism data to detect whether positive selection is more effective on sex-biased genes. Using the paired nested site models (M1a, M2a; M7, M8) implemented in codeml, we found significant signatures of positive selection acting on 184/3,856 male-biased genes, 128/2,325 female-biased genes, and 800/20,278 unbiased genes, respectively (supplementary table S4, Supplementary Material online). The proportion of genes exhibiting evidence of positive selection for both male-and female-biased genes were significantly higher than that for unbiased genes based on site model in PAML (chi-squared test, P = 0.017, P = 3.3 Â 10
À4
, and P = 1.6 Â 10 À4 for male-, female-, and sex-biased genes, respectively) ( fig. 5A ). Positively selected genes identified by branch-site model also suggests that the proportion of genes exhibiting evidence of positive selection for sex-biased genes were significantly higher than that for unbiased genes (chi-squared test, P = 0.023).
We further used polymorphism data on standing variation in protein-coding sequences to test for deviations from neutrality by the statistic of direction of selection (DoS), a measurement of the difference between the proportion of divergent and polymorphic nonsynonymous substitutions (Stoletzki and Eyre-Walker 2011) . Here, negative DoS values suggest slightly deleterious mutations segregating, whereas zero values suggest only neutral evolution and positive values suggest there is evidence of adaptive evolution (Stoletzki and Eyre-Walker 2011) . Our results showed that the DoS values for both sex-biased and unbiased genes were higher than zero ( fig. 5B ), suggesting broad effects of positive selection on the evolution of genes in fish. As expected, comparison between sex-biased and unbiased genes revealed that the DoS values for sex-biased genes were higher than that for unbiased genes, with a significantly higher DoS values for male-biased genes (Wilcoxon rank sum test, P = 0.013) ( fig. 5B ). This analysis further confirmed that faster protein evolution in sex-biased genes were more likely to be driven by stronger positive selection. In sum, our analysis based on both sequence divergence and polymorphism data consistently suggested a stronger effect of positive selection on the evolution of sex-biased genes in zebrafish.
Discussion
Analyses of sex-biased gene expression in a range of species, including Drosophila (Ranz et al. 2003; Assis et al. 2012; Perry et al. 2014) , birds (Mank et al. 2010; Pointer et al. 2013) , and mammals (Yang et al. 2006; Reinius et al. 2012) , have shown that a large percentage of the transcriptome displays differential gene expression between the two sexes (Ellegren and Parsch 2007; Parsch and Ellegren 2013) . Although there were also some studies focusing on sex-biased genes in gonad or brain in zebrafish and other fishes (Small et al. 2009; Wong et al. 2014; Liu et al. 2015) , few of them have investigated the evolutionary dynamics of sex-biased genes and their driving forces. Our results in zebrafish are consistent with this from other model organisms. Nevertheless, zebrafish are interesting in that they do not exhibit ostentatious sexual dimorphisms (Spence et al. 2008) , thus the sex-biased genes we identified are likely largely to do with differences between the female and male gonad in gametic production and delivery, rather than somatic sexual dimorphisms related to sexual selection. Within the gonad, our results show that the zebrafish transcriptome is masculinized, both in terms of the greater proportion of male-biased genes, as well as the greater level of expression in males. This is consistent with other taxa, including Drosophila (Parisi et al. 2003; Ranz et al. 2003) , mice (Yang et al. 2006) , and frogs (Malone et al. 2006) .
Most importantly, we found that both male-and femalebiased genes in zebrafish show elevated nonsynonymous-tosynonymous divergence ratios compared to unbiased genes. Although this is somewhat different than work in Drosophila and mammals, where only male-biased genes show elevated rates of evolution (Ellegren and Parsch 2007; Zhang et al. 2007; Parsch and Ellegren 2013) , it does add to the diversity of patterns observed in other taxa. For example, female-biased genes show more rapid rates of evolution in Neurospora crassa (Whittle and Johannesson 2013) , and both male-and female-biased genes show elevated rates of evolution in brown alga (Lipinska et al. 2015) .
In order to confirm the generality of this pattern across fish, we tested the evolutionary rate of sex-biased genes in the stickleback lineage by comparing threespine and ninespine sticklebacks which diverged roughly 13 Mya (Bell et al. 2009 ). The convergence in pattern of evolutionary rates for both female-and male-biased genes between zebrafish and stickleback lineages, which last shared a common ancestor roughly 290 Mya (Steinke et al. 2006) , suggests that this pattern may be representative for fishes in general. This is also supported by convergent results from a small-scale study in the guppy (Sharma et al. 2014) .
The current evidence is unclear whether rapid rates of evolution for sex-biased genes observed in other organisms is due to positive selection (Proschel et al. 2006) , perhaps related to sexual selection or sperm competition (Ellegren and Parsch 2007) , or is due to relaxed constraint and genetic drift (Harrison et al. 2015; Dapper and Wade 2016) . We used codon-bias, tissue-specificity and signatures of selection on coding sequence to differentiate these two potential forces. We observed that both male-biased genes and female-biased genes exhibiting reduced optimal codon usage compared to unbiased genes. The preferential use of a subset of synonymous codons (codon bias) is a prevalent phenomenon in a wide range of species (Akashi and Eyre-Walker 1998; Akashi 2001; Duret 2002) , including vertebrates (Doherty and McInerney 2013; Ma et al. 2014) . The "preferred codons" are generally assumed to arise as a result of natural selection favoring efficient and accurate translation (Duret and Comparison of the values of direction of selection among male-, female-biased, and unbiased genes. Significant differences were indicated by the asterisks, based on Wilcoxon rank sum test, *P < 0.05, **P < 0.001. Mouchiroud 1999; Duret 2000) . However, a previous study found that male-biased genes in Drosophila, which evolved faster than female-biased and unbiased genes, have significantly less codon bias than both female-biased and unbiased genes (Hambuch and Parsch 2005) , which indicated either reduced efficacy of selection for optimal codon usage or recent disturbance of optimal codon usage due to positive selection.
Additionally, we find that both male-and female-biased genes tend to have more tissue-specific expression relative to unbiased genes. In general, broadly expressed genes tend to have more complex functional roles and undergo stronger functional constraints, thus evolve slower than genes with limited expression (Duret and Mouchiroud 2000) . Therefore, this parallel reduction in expression breadth for both maleand female-biased genes in fishes may also serve as one of the possible reasons underlying their faster evolutionary rates. However, it should be noted that only weak correlation exists between expression breadth and evolutionary rate, implying that relaxed functional constraints may not be the unique driving force of evolutionary rates.
Finally, our analysis of divergence and polymorphism data indicate that a greater proportion of male-and female-biased genes show evidence of positive selection when compared to unbiased genes. The potential role of positive selection is also indicated by our DoS values for sex-biased genes, which were higher than for unbiased genes.
There are several reasons that may contribute to this symmetry of accelerated evolution for both male-and femalebiased genes. First, zebrafish does not exhibit much morphological sexual dimorphism (Spence et al. 2008) , which may either result in less sexual selection for both male-biased and female-biased genes simultaneously, or lead to more strong sexual selection for both male-and female-biased genes simultaneously. Considering the faster evolution for both maleand female-biased genes, we think the latter would be more logical. Another possible reason for the faster evolution rates for both male-and female-biased genes in fishes may be that both male-and female-biased genes tend to have restricted breadth of expression pattern relative to unbiased genes. In general, broadly expressed genes tend to have more complex functional roles and undergo stronger functional constraints, thus to evolve slower than genes with limited expression (Duret and Mouchiroud 2000) . Therefore, this parallel reduction in expression breadth for both male-and female-biased genes in fishes may also serve as one of the possible reasons underlying their faster evolutionary rates. Furthermore, this symmetry of accelerated evolution for both male-and female-biased genes may also be driven by external fertilization in fishes. Compared with internal fertilization in mammals, Drosophila, and birds, fishes need to produce much more viable eggs, thus female may be undergone stronger selection, which may drive faster evolution for female-biased genes.
The codon usage, tissue-specificity and signatures of selection tests reveal a complex pattern, where both positive selection and relaxed constraints may both contribute to the accelerated rates of evolution observed for sex-biased genes. This complex pattern may vary across distantly related groups, explaining why work in Drosophila has recovered stronger signatures of selection in male-biased genes (Proschel et al. 2006) , whereas studies in adult birds (Harrison et al. 2015) and humans (Gershoni and Pietrokovski 2014) reveals patterns more consistent with relaxed evolutionary constraint and genetic drift. Given this complex, clade-specific pattern, as well as recent concerns about how expression-bias might alter mutation-selection dynamics (Dapper and Wade 2016) , data from more species are needed to resolve this debate.
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